There is increasing interest in expanding use of minimally invasive pancreaticoduodenectomy (MIPD). This procedure is complex, with data suggesting a significant association between hospital volume and outcomes.
T he introduction of minimally invasive surgical techniques in the realm of pancreatic surgery has lagged behind, and this is especially true for pancreaticoduodenectomy. 1 Pancreaticoduodenectomy is one of the more complex surgical procedures, with increased risks for postoperative morbidity and mortality. 2, 3 The complexity of this procedure stems from the difficulty in accessing the retroperitoneal location of the pancreas and the need for multiple anastomotic reconstructions. Pancreaticoduodenectomy anastomotic reconstruction via a minimally invasive approach is technically challenging even for experienced pancreatic surgeons. 1 Anastomotic pancreatic leak and/or fistula can lead to life-threatening complications such as hemorrhage, sepsis, and death. There has been an increasing interest in the use of minimally invasive pancreaticoduodenectomy (MIPD). 4, 5 This enthusiasm is driven by the potential benefits from minimally invasive techniques seen in other gastrointestinal procedures such as esophageal, gallbladder, and colon surgical procedures. [6] [7] [8] While retrospective data from hospitals that perform high numbers of MIPDs may suggest the safety of minimally invasive vs open surgery, 5 the generalizability of these outcomes to hospitals that perform a small number of minimally invasive cases has recently been questioned. National-level studies that included low-and high-volume hospitals have demonstrated that MIPD is associated with increased 30-day mortality when the procedure is done at hospitals that perform a small number of MIPD cases. 4, 9 Evidence suggesting an association between lower hospital procedural volume and compromised outcomes from MIPD 4, 5, 9 has prompted debate about the safety of the procedure and a call for potentially restricting the procedure to high-volume hospitals. 10 The shift of the health care system from a fee-for-service to a value-based model that links hospitals' reimbursement to the quality of care provided has made this debate even more revelant. 11 Therefore, determining a minimum number of MIPDs that potentially defines a high-volume hospital would seem essential. This study sought to determine whether there is a minimum number of MIPD cases performed by a hospital that is associated with a reduced likelihood of postoperative complications.
Methods

Data Source
Conducted on August 16, 2016 , this retrospective analysis was performed from hospital discharge data of patients undergoing minimally invasive (laparoscopic and robotic) pancreaticoduodenectomy between 2000 and 2012 in the Health Care Utilization Project National Inpatient Sample data sets (HCUP-NIS). The HCUP-NIS is maintained by the Agency for Healthcare Research and Quality and represents a stratified 20% sample of inpatient discharges to acute care hospitals across the United States. The data set includes information on patient demographic, insurance, disease, treatment, and hospital characteristics.
Study Cohort
The study included adult patients who underwent MIPD for benign or malignant pancreatic disease from HCUP-NIS using the International Classification of Diseases, Ninth Revision, Clinical Modification procedure codes 52.7 and 52.51. Laparoscopic and robotic modifier codes were used to identify patients who underwent MIPD. [12] [13] [14] Patient demographic characteristics, such as age, sex, race/ ethnicity, and payer were obtained from the data set. Pancreatic diagnoses were determined using the corresponding International Classification of Diseases, Ninth Revision diagnosis code(s), which were then grouped into 3 major categories: pancreatic cancer, pancreatitis, and other benign conditions. Patient comorbidities were characterized using a modified Charlson/Deyo scoring system and categorized into 3 groups: 0, 1, and 2 or greater. 15, 16 Annual hospital volume was calculated for each hospital as the number of MIPDs reported by a hospital per year. In-hospital complications were defined from secondary International Classification of Diseases, Ninth Revision diagnosis and procedure codes corresponding to the index surgical admission. Complications were grouped into bleeding, cardiopulmonary, thromboembolic, gastrointestinal, urologic, infection, wound, reoperation, in-hospital mortality, and any complication. Hospital costs were calculated by multiplying hospital charges from the discharge records by the specific HCUP-NIS hospital cost-to-charge ratios. Costs were then adjusted to 2014 US dollars using rates from the Bureau of Labor Statistics Consumer Price Index inflation calculator. 17 This study was granted exempt status by the Duke University institutional review board.
Statistical Analysis
Our primary end point was occurrence of 1 or more inhospital complications. Secondary outcomes included the incidence of individual complications, hospital length of stay, and inflation-adjusted costs.
A multivariable logistic regression model with restricted cubic splines (RCSs) was used to specify and estimate the functional form of annual hospital volume with respect to the incidence of any complication. 18 The RCS statistical method provides a flexible model to examine the adjusted effect of a continuous predictor on an outcome and allows for visualization of the relationship without prior knowledge of the functional form of the association. 19 Using this model, we identified a range of annual hospital volumes that corresponded to
Key Points
Question What is the minimum number of minimally invasive pancreaticoduodenectomy (MIPD) cases performed by a hospital that is associated with the lowest risk for complications?
Findings In this review of 865 cases of MIPD, we found that increasing hospital procedural volume of MIPD is associated with improved outcomes up to 22 cases per year.
Meaning The identified threshold of 22 cases per year may serve as a foundation for protocols aimed at safer implementation of MIPD at the national level and may have implications for surgical education and training.
a change in the relative log odds of experiencing any postoperative complication. A bootstrap simulation that incorporated a Monte Carlo Markov Chain procedure was conducted to estimate the point that corresponded to the maximum change from this range of annual hospital volumes. 20 The following factors were controlled for in this multivariable model: age, sex, race/ethnicity, comorbidities, year of the procedure, and pancreas-related diagnosis. Based on the identified annual hospital volume threshold, the cohort was dichotomized into 2 groups: highvolume hospitals (>threshold hospital volume) and low-volume hospitals (≤threshold hospital volume). Multivariable logistic regression was used to examine the adjusted association between low-vs high-volume hospitals and incidence of any complication, and negative binomial regression was used to examine the association with hospital length of stay and costs. These models were built in the generalized estimating equation framework to account for the correlation of outcomes for patients treated at the same hospital.
Sensitivity Analysis
To examine the potential effect of hospital volume for open pancreaticoduodenectomy cases on the hospital volume threshold for MIPD, we ran a separate RCS model in which hospital volume for open cases was added, in addition to other covariates. Hospital volume for open cases was represented in the model as follows: low-volume hospitals (<11 cases per year) and high-volume hospitals, based on the Leapfrog-defined threshold. 21 A 2-sided significance level of .05 was used for all statistical tests. Statistical analyses were performed using SAS version 9.4 (SAS Institute).
Results
The study included 865 patients who underwent MIPD between 2000 and 2012. Most patients (n = 747; 86%) underwent the procedure for a cancer diagnosis. Details of patient demographic and clinical characteristics are described in Table 1 .
Hospital Procedural Volume
There were 229 hospitals that performed MIPD during the study period. The number of MIPD cases performed by a hospital ranged from 1 to 60 cases per year, with a median of 6 cases per year (interquartile range, 2-15 cases). The median number of open pancreaticoduodenectomies performed by these hospitals was 27 cases per year (interquartile range, 9-62 cases), with most cases (71%) performed at high-volume hospitals (≥11 open cases per year). Overall, use of MIPD increased by more than 400% over the study period, from 14 cases in 2000 to 126 cases in 2012. Most cases (57%) were reported from hospitals that performed fewer than 10 cases per year, and 20% of cases were reported from hospitals that performed just 1 case per year.
Hospital Volume and Complications
In total, 410 patients (47%) experienced a postoperative complication; of these, 41% experienced 1 complication, 34% had 2 complications, and 24% had at least 3 complications ( Table 2) . After adjustment for patient demographics, comorbidities, and clinical diagnosis, hospital procedural volume was significantly associated with decreasing odds of experiencing a postoperative complication (overall association P < .001). The adjusted RCS plot demonstrated a nonlinear association between hospital procedural volume and postoperative complications, which confirmed the existence of a possible hospital volume threshold corresponding to the lowest risk of experiencing a postoperative complication. This plot showed that increasing hospital procedural volume was significantly associated with decreasing odds of patients experiencing a postoperative complication for up to 22 cases per year (Figure) .
The threshold identified by the adjusted RCS model was then internally validated using a bootstrap analysis, in which the RCS model was reexamined in 1000 random replicates of the initial data sets. A Markov chain Monte Carlo simulation incorporated with bootstrapping was then used, which iden- 
Outcomes by Hospital Volume Status
Minimally invasive pancreaticoduodenectomy hospital volume status was then defined based on the threshold identified by the RCS and simulation models: (1) low-volume hospitals (≤22 cases per year) and high-volume hospitals (>22 cases per year). Most patients (n = 717; 83%) underwent MIPD at low-volume hospitals, and only 17% of patients (n = 148) underwent surgery at high-volume hospitals. Patient demographic and clinical characteristics by hospital volume status are characterized in Table 1 . Compared with patients treated at high-volume hospitals, patients treated at low-volume hospitals were more often nonwhite (14% vs 7%; P = .002). Patient comorbidities and clinical diagnosis were not significantly different between the low-and high-volume groups. All cases in the minimally invasive high-volume group were performed at high-volume hospitals for open pancreaticoduodenectomy. Of the low-volume group, 65% of the minimally invasive cases were performed by open pancreaticoduodenectomy high-volume hospitals ( Table 1) . The study included different hospital types. Most patients were treated at teaching hospitals (n = 686; 79%); however, all patients in the high-volume group were treated at teaching centers, while just 75% of patients (n = 538) in the low-volume group were treated at teaching centers. Compared with patients treated at high-volume hospitals, those who were treated at low-volume hospitals more often experienced delayed gastric emptying (7.7% for lowvolume vs 2.7% for high-volume hospitals; P = .03), fistula formation (11.8% vs 6.1%; P = .04), cardiopulmonary complications (19.1% vs 12.2%; P = .046), or any complication (50.3% vs 33.1%; P < .001). The number of postoperative complications also was higher in patients treated at low-vs highvolume hospitals (Table 2 ). Median length of hospital stay was longer for patients in the low-volume group compared with those in the high-volume group (10 vs 9 days, respectively; P < .001). Inflation-adjusted hospital costs were not different between groups.
After adjustment for patient demographic and clinical characteristics, undergoing MIPD at low-vs high-volume hospitals was associated with increased odds of experiencing postoperative complications (odds ratio, 1.74; 95% CI, 1.03-2.94; P = .04) and a trend toward longer length of hospital stay (+18% increase; 95% CI, −3% to +44%; P = .09) ( Table 3) .
Sensitivity Analysis
After adjustment for patient demographics, comorbidities, clinical diagnosis, and hospital procedural volume for open pancreaticoduodenectomy cases, hospital volume for minimally invasive cases was significantly associated with decreasing odds of experiencing a postoperative complication up to 22 cases per year. The threshold identified by the adjusted RCS model was then internally validated, identifying a best threshold for hospital procedural volume at 22 cases per year (95% CI, 21-23 cases per year).
Discussion
To our knowledge, this is the first study to objectively determine a hospital procedural volume threshold for MIPD at the national level. After adjustment for patient demographic and clinical characteristics, higher hospital procedural volume was significantly associated with decreasing odds of patients experiencing a postoperative complication. This adjusted analysis identified a hospital procedural volume threshold of 22 cases per year that appears to be associated with the lowest risk for experiencing a postoperative complication. Patients undergoing surgery at low-volume hospitals (≤22 cases per year) were more likely to experience postoperative complications. Although use of MIPD increased more than 400% between 2000 and 2012, most cases are still performed at low-volume hospitals.
Minimally invasive pancreaticoduodenectomy is a technically challenging and complex surgical procedure, with significant variation in postoperative outcomes described across different hospitals. Published retrospective series from hospitals that perform a large number of MIPD cases may suggest that the procedure is safe. 5, 22 In a single-surgeon experience with 108 laparoscopic pancreaticoduodenectomies, Croome et al 5 reported that the procedure is as safe as open pancreaticoduodenectomy and associated with shorter hospitalization, faster recovery, and more frequent use of adjuvant chemotherapy. However, these favorable outcomes from MIPD could not be generalized to hospitals performing a fewer number of cases. 4, 9 In a nationwide analysis, Adam et al 4 compared outcomes from minimally invasive vs open pancreaticoduodenectomy performed mostly at low-volume hospitals; this analysis demonstrated that minimally invasive surgery was associated with increased 30-day mortality, without the benefit of shorter hospital length of stay. Abbreviation: NA, not applicable. a Outcomes were examined in separate multivariable models, whereby the adjusted association of each outcome was modeled against hospital volume status while accounting for the effects of patient age, sex, race/ethnicity, comorbidities, and clinical pancreatic-related diagnosis, and the correlation of outcomes of patients who were treated at the same hospital.
Our study is aligned with other reports 4, 9 Published data have demonstrated that MIPD is associated with inferior outcomes when the procedure is performed at low-volume hospitals, with increased 30-day mortality. 4, 9 However, the definition of a hospital volume threshold remains unclear. Thus, identification of a minimum number of MIPD cases that are needed to define a highvolume hospital is important for facilitating the safe implementation of the procedure. While the volume threshold of 22 cases per year seems to be higher than high-volume definitions used in previous studies examining MIPD, 4, 9 it is imperative to highlight that our threshold number of cases was objectively determined based on the adjusted association between hospital volume and postoperative outcomes. Prior studies have not specifically examined a volume threshold for MIPD; instead, volume status definitions were arbitrarily assigned. 4 24 Another study reported the first experience with 200 robotic pancreaticoduodenectomy cases performed by a team of surgeons at a single center. The learning curve necessary to achieve proficiency for robotic pancreaticoduodenectomy was determined to be 80 cases over 6 years. 23 While these numbers reported from institutional series appear to be higher than our threshold of 22 cases per year, it is important to point out that these numbers represent unique institutional experiences over a number of years. While surgeon volume has been shown to be associated with improved surgical outcomes for some surgical procedures, hospital volume may be more meaningful for complex procedures such as MIPD. Hospital volume often is associated with surgeon volume, but it also reflects, at least in part, the structure of support within hospitals that incorporate systems issues such as critical care and postoperative management. Birkmeyer et al 26 examined the effect of hospital volume on surgical mortality from 14 different types of cardiovascular and major cancer procedures, including pancreatectomy. They found that the association between hospital volume and decreased mortality varied by type of surgery. Absolute differences in adjusted mortality rates between the lowest-and highest-volume hospitals was the highest (12%) for pancreatectomy, superseding other complex procedures such as esophagectomy (5%), pneumonectomy (5%), or gastrectomy (2%-5%).
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Limitations and Strengths
There are several limitations to our study, including the possibility of coding errors. Tumor characteristics are not captured by the HCUP-NIS database; therefore, they could not be analyzed. The study is retrospective in nature, with concerns for selection bias between low-vs high-volume hospitals. However, it is expected that high-volume hospitals would take on more complex cases, which may negatively affect their outcomes compared with low-volume hospitals. This study was based on data mostly representing the earliest experiences with MIPD in the United States, which could affect interpretation of the results of our study. Determination of a hospital volume threshold may evolve as surgeons gain more experience with the procedure. Although our sensitivity analysis accounted for the effect of hospital volume for open cases, there was a significant correlation between hospital volume for open and minimally invasive cases. This emphasizes the need for experience with open cases before implementation of MIPD. The HCUP-NIS represents a 20% sample of hospital discharges; therefore, these data may not reflect the absolute number of minimally invasive cases performed in the United States. Data about surgeon volume were not complete; thus, the independent effect of surgeon vs hospital volume could not be examined. While the rates of overall complications and mortality from minimally invasive surgery are consistent with published series, the incidence of postoperative pancreatic fistula was low; however, it is reasonable to assume that the underreporting of this complication would be universal across volume groups.
Strengths of the study include the large sample size and the inclusion of low-and high-volume hospitals at the national level.
Conclusions
This large study provides valuable information with regard to the importance of hospital volume in implementation of MIPD. While it is known that hospital volume is associated with im-
